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ABSTRACT: Perovskite (La0.8Sr0.2)1−xMn1−xIrxO3 (x = 0
(LSM) and 0.05 (LSMI)) nanoparticles with particle size of
20−50 nm are prepared by the polymer-assisted chemical
solution method and demonstrated as high performance
bifunctional oxygen catalyst in alkaline solution. As compared
with LSM, LSMI with the A-site deficiency and the B-site
iridium (Ir)-doping has a larger lattice, lower valence state of
transition metal, and weaker metal−OH bonding; therefore, it
increases the concentration of oxygen vacancy and enhances
both oxygen evolution reaction (OER) and oxygen reduction
reaction (ORR). LSMI exhibits superior ORR performance
with only 30 mV onset potential difference from the
commercial Pt/C catalyst and significant enhancement in electrocatalytic activity in the OER process, resulting in the best
oxygen electrode material among all the reported perovskite oxides. LSMI also exhibits high durability for both ORR (only 18
mV negative shift for the half-wave potential compared with the initial ORR) and OER process with 10% decay. The
electrochemical results indicate that the A-site deficiency and Ir-doping in perovskite oxides could be promising catalysts for the
applications in fuel cells, metal−air batteries, and solar fuel synthesis.
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1. INTRODUCTION

Recently, clean, green, efficient, and sustainable electrochemical
devices for energy storage and conversion have been extensively
investigated because of the huge consumption of nonrenewable
fossil fuels. The emission of greenhouse gas from the burning of
fossil fuel brings about environmental issues.1−4 Oxygen
evolution reaction (OER), which can produce oxygen by
effective oxidation of water, is considered as an effective
catalysis to convert electricity to chemical energy.3,5−13 Metal−
air batteries, a typical new generation electrochemical device,
have stimulated to efficient electrocatalyst develop-
ment.3,11,14−18 However, it is a big challenge to make the
electrochemical water oxidation process more economically
attractive because of high overpotential and thereby energy
losses at the air-breathing electrode.8,19,20 The OER process in
alkaline solution with the four-electron transfer takes place by
the following equation:12,21

→ + +− −4OH O 2H O 4e2 2 (1)

The oxygen reduction reaction (ORR), a reversible reaction of
OER, also evolved in high overpotential in fuel cell and metal−
air batteries.3,10,16,22 Recently, developing an electrochemical
catalyst with high ORR and OER activities in alkaline solution
became a hot topic in fuel cell and electrolysis technology.23,24

For example, Zhao et al. reported that ammonia-treated Co3O4

and carbon nanotubes exhibited high OER and ORR.23

Graphene nanotubes have been demonstrated as superior
bifunctional catalysts in alkaline solution.24 Both ORR and
OER performances for graphene nanotubes are comparable to
the state-of-art catalysts, for example, Pt/C for ORR and IrO2

for OER.24 ABO3 perovskite oxides have been extensively
investigated as bifunctional catalysts because of their high
versatility in compositions and electronic structure.25,26 Jin et al.
developed Ba0.9Co0.5Fe0.4Nb0.1O3−δ perovskite oxide as a
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bifunctional catalyst for ORR and OER; however, both
activities are far less than that of the state-of-art catalysts.27

Oxygen vacancy in perovskite oxide plays an important role in
the electrochemical properties toward OER and ORR. The
creation of oxygen vacancy is always accompanied by the
change of the valence state and electronic structure of transition
metal.28,29 The covalency between the transition metal 3d-band
and the oxygen 2p-band depends on the degree of oxygen
vacancy. The higher oxygen vacancy concentration leads to
higher transition metal−oxygen covalency for enhanced
electrocatalytic activies.28

Creating the A-site deficiency in ABO3 perovskite is an
effective approach to induce oxygen vacancy and modify the
electronic structure, resulting in the improved electrochemical
catalytic properties. The equation of creating A-deficiency is
described by the following:

⎯ →⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯⎯ ‴ + + ⎯ →⎯⎯ ″ + +
‐ − ′

̈LaBO V 3B 3O V 3B
3
2
VX x

3
A deficiency

La B O
O

La B O
2

LaFeO3−δ with the A-site deficiency owned the best
functionality for both OER and ORR due to the creation of
oxygen vacancy and a small amount of Fe4+ species.30 However,
the electrochemical performance is still lower than that of the
state-of-art catalyst, e.g., 0.8 V onset potential for the A-
deficiency LaFeO3−δ while 0.95 V for Pt/C.30 In addition to
creating A-deficiency, doping (e.g., cobalt, nickel, and iron) to
the B-site of ABO3 crystal structure is considered as a
convincing strategy to easily modify the electronic structure
and then subsequently enhance the electrochemical proper-
ties.31,32 Furthermore, engineering the particle size of perov-
skite oxides is expected to improve the OER and ORR
activities. As compared with their bulk counterparts, it has been
demonstrated that the enhanced electrochemical performance
of LaCoO3 nanoparticles including lower overpotential and
smaller Tafel slope was mainly attributed to the increased
reactivity of the active sites because the spin-state transition
from the low-spin state to the high-spin state of Co3+ ions
induced the change of the orbital eg-filling of Co

3+ from 1.0 to
1.2.33 However, it is a challenge to reduce the perovskite oxide
particle size to nanoscale for meeting the requirement of
optimized eg-filling.
Recently, we have developed a polymer-assisted chemical

solution method (PACS) to prepare a phosphor europium-
doped yttrium vanadate (YVO4:Eu) nanoparticle network after
high annealing temperature.34 In PACS, water-soluble polymers
ethylenediaminetetraacetic acid (EDTA) and polyethylenimine
(PEI) are used to stabilize metal ions and to control the
stability of the solution.34 The PACS method is a relatively
simple and inexpensive process that enables the formation of a
range of metal-oxide nanomaterials. In this paper,
(La0.8Sr0.2)1−xMn1−xIrxO3 (LSM for x = 0 and LSMI for x =
0.05) nanoparticles with particle size of less than 50 nm are
successfully synthesized by PACS and developed as superior
bifunctional catalysts in alkaline solution. LSM and its
associated oxides have been reported as the highest ORR
catalyst among the perovskite oxides.18,25 However, OER for
LSM should be improved for bifunctional catalyst as compared
with other high performance OER catalysts.26 The LSMI
catalyst we designed in this paper takes the advantages of
smaller particle size, the A-site deficiency, and B-site doping.
The incorporation of the A-deficiency and Ir-doping is
predicted to achieve higher oxygen vacancy concentration and
boost both OER and ORR. The onset potential of LSMI for

ORR is around −0.05 V vs Ag/AgCl, only 30 mV negative
shifting from the commercial Pt/C catalyst, while the onset
potential for OER is around 0.48 V vs Ag/AgCl, which is
comparable to the state-of-art IrO2 catalyst.

2. MATERIALS AND METHODS
2.1. Materials Synthesis. Polymers consisting of ethylenediami-

netetraacetic acid (EDTA) and polyethylenimine (PEI) were dissolved
in 10 mL of DI water. Appropriate amounts of lanthanum nitrate,
strontium nitrate, manganese acetate, and iridium chloride for two
samples (La0.8Sr0.2)1−xMn1−xIrxO3 (x = 0 (LSM) and 0.05 (LSMI))
were mixed with polymer solutions. The weight ratio of EDTA, PEI,
and metal precursors is around 1:1:1. After stirring for 1 h, uniform
metal−polymer solution was formed. The solution was heated at 650
°C in air to get LSM and LSMI nanoparticles.

2.2. Material Characterization. The resulting LSM and LSMI
perovskite oxides were characterized by X-ray diffraction (XRD,
Rigaku Miniex-II with Cu Kα (1.5406 Å) radiation, 30 kV and 15 mA)
to identify the phase and crystal structure. The structure was further
demonstrated by the selected area electron diffraction (SAED)
patterns. The morphology of LSM and LSMI was characterized by a
field emission scanning electron microscope (FESEM) (JEOL, model
JSM-7600F) and a transmission electron microscope (TEM) (JEOL,
model JEM- 2100) operating at 200 kV. The valence states of the
manganese, iridium, and oxygen were evaluated by X-ray photo-
electron spectroscopy (XPS, Thermo K-Alpha spectrometer equipped
with a monochromatic Al Kα X-ray source). High-angle annular dark-
field scanning transmission electron microscopy (HAADF-STEM) and
energy dispersive spectroscopy (EDS) mapping images were used to
characterize the elemental distribution (JEOL JEM-ARF200F). The
Brunauer−Emmett−Teller (BET) surface area of LSMI was recorded
by a Micromeritics ASAP 2050 using the standard N2 adsorption and
desorption isotherm measurement at 77 K.

2.3. Electrochemical Characterization. Electrochemical experi-
ments were carried out in a typical three-electrode electrochemical cell
with a water jacket. The catalyst was loaded on the rotating disk
electrode (RDE) with a 5.0 mm diameter glassy carbon, and the
loading weight of LSM and LSMI was around 0.2 mg cm−2. Pt wire
and Ag/AgCl electrode (Pine Research Instruments) were used as the
counter and the reference electrodes, respectively. The electrolyte used
in the electrochemical test was oxygen-saturated 0.1 M potassium
hydroxide (KOH) solution (Sigma-Aldrich). Cyclic voltammetry was
performed in the above electrolyte at a scan rate of 50 mV s−1.
Polarization curves for the oxygen reduction reaction (at different
rotation speeds of 100, 400, 900, and 1600 rpm) and oxygen evolution
reaction (at a rotation speed of 1600 rpm) were tested in the
electrolyte using a CHI electrochemical instrument at scan rates of 5
and 20 mV s−1, respectively. The iR correction was performed to
compensate for the effect of solution for all potential values. The
potential values were calculated by the following equation after the iR
correction: EiR corrected = E − iR, where i is the measured current density
and R the ohmic resistance of electrolyte (∼49 Ω), which was
measured by ac impedance in 0.1 M KOH. The resistance for the
LSMI catalyst was characterized by electrochemical impedance spectra
(EIS) at 0.6 V vs Ag/AgCl with frequencies range from 100 kHz to 0.1
Hz under an ac voltage of 5 mV. The resistance test for LSM was
performed at four different potentials of 0.6, 0.7, 0.8, and 0.9 V vs Ag/
AgCl. The kinetic parameters including the electron transfer number
and the kinetic current density in ORR can be determined from the
following Koutecky−Levich (K−L) equation:31

= + = + −J J J nFkC nFD v C w
1 1 1 1 1

0.62k L
O

O
2/3 1/6 O 1/2

2

where J, Jk, and JL are associated with the measured current density as
well as the kinetic and diffusion-limiting current densities, respectively.
In this equation, n is the electron transfer number and F is the Faraday
constant. CO, DO2

, w, ν, and k are the concentration of oxygen, the
diffusion coefficient of oxygen, the rotating rate of the rotating
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electrode (rad s−1), the kinetic viscosity of the oxygen-saturated 0.1 M
KOH, and the rate constant for oxygen reduction reaction,
respectively.

3. RESULTS AND DISCUSSION

The phase and crystal structure of LSM and LSMI were
analyzed by XRD, as shown in Figure 1a. As you can see, both
LSM and LSMI with A-deficiency and Ir-doping can become
single phase, which is also proved by the clearly distributed
atoms in the HAADF-STEM image (inset picture in Figure 1a).
Figure S1 presents the XRD Rietveld refinement of LSMI. The
reliability of the Rietveld refinement is satisfactory regarding the
goodness of fit. Both LSM and LSMI have the same
orthorhombic structure. The lattice parameters are a = 5.453
Å, b = 5.504 Å, c = 7.761 Å for LSM and a = 5.460 Å, b = 5.501
Å, c = 7.769 Å for LSMI. The slightly expanded lattice
parameters are consistent with the negative shift of XRD peaks
for LSMI as compared with LSM (inset in Figure 1a). The A-
deficiency LaFeO3−δ had the contracted lattice parameters
while the A-deficiency La0.6Sr0.4Co0.2Fe0.8O3−δ led to the
expanded lattice.30,35 The contradictory results indicated that
the concentration of oxygen vacancy is an important effect on
the lattice parameters. The loss of oxygen in crystal structure
could lead to the decrease in the valence state of transition
metal, resulting in the lattice expansion.36,37 In other words, the
expanded lattice may indicate higher oxygen vacancy in LSMI
compared with LSM. Besides, the radius of Ir4+ (76 pm) is

higher than that of Mn3+ (72 pm, 6-coordinate, octahedral); Ir-
doping is also assumed for the lattice expansion.
The electrochemical behavior of perovskite oxides is strongly

dependent on the valence state of transition metal and oxygen
vacancy on the surface of the catalysts. Therefore, XPS was
performed, and the XPS spectra of LSM and LSMI are
displayed in Figure S2. The two peaks at around ∼642 and
∼653 eV are typical peaks of Mn 2p3/2 and Mn 2p1/2. Except
for the peaks corresponding to Mn, the peaks corresponding to
La, Sr, and O were also detected. Peaks at ∼62 and 65 eV
corresponding to Ir 4f were observed for LSMI, while no Ir
peaks appeared in LSM. High-resolution XPS further provides
more details about the valence states of transition metals. The
high-resolution XPS of Ir 4f in LSMI is presented in Figure S3.
The peak at 64.8 eV corresponds to the valence state of Ir +4,
suggesting Ir in the high oxidation state. The high oxidation
state of Fe +4 was also reported in the A-deficiency
LaFeO3−δ.

30 As shown in Figure 1b, the Mn 2p peak of
LSMI shifts toward lower binding energy as compared with
LSM, indicating that the valence state of Mn is reduced in
LSMI. Three distinct peaks at 641.1, 642.2, and 643.9 eV were
found in the Mn 2p3/2 region. The peaks at 641.1 and 642.2 eV
are attributed to the valence states of Mn +3 and Mn +4,
respectively. The peak at 643.9 eV corresponds to the
manganese species in different coordination environment with
other ions such as La3+ and Sr2+.38 The percentages of different
valence states of Mn species estimated from the relative area of

Figure 1. (a) XRD patterns of LSM and LSMI (inset pictures: left, the enlarged XRD patterns of LSM and LSMI from 46 and 47.5°; right, HADDF-
STEM image of LSMI). (b) Mn XPS patterns of LSM and LSMI.

Figure 2. (a) TEM image, (b) HRTEM, (c) SAED of LSMI, and (d) HAADF EDX mapping of LSMI with the elemental mapping of La, Sr, Mn, O,
and Ir.
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the fitted subpeaks are listed in Table S1. The percentage of
Mn species with the low valence state in LSMI (36.87%) is
clearly higher than that in LSM (19.05%). The partial reduced
Mn valence state in LSMI could be ascribed to balance the high
oxidation state of Ir or more oxygen vacancy would be formed.
The strength of bonding between the surface-oxygenated

intermediates and the surface active sites of catalyst is suggested
to play important roles in the OER activity of perovskite
oxides.7 Metal oxide surface has an affinity for adsorption of
OH− ions when the oxide contacts with alkaline aqueous
solution.12 The electrochemical activity increases with the
decreasing M−OH bonding strength.6,7 The electrons from the
d-orbital of the surface transition metal ions may occupy the
antibonding orbital of M−OH, indicating that the M−OH
bonding strength may decrease as the number of d-electrons
increases.39 It is remarkable that the perovskite oxides can easily
lose lattice oxygen atoms to form oxygen vacancy, which can
produce the weaker bonding strength between transition metals
and oxygenated species. The high oxygen vacancy concen-
tration in the perovskite oxide exhibited enhanced OER
performance.39−44 The density of free carrier increased after
the formation of oxygen vacancy, and then the overlap between
O2p and M3d occurred, indicating the strong covalency of
metal−oxygen bonds to enhance the charge transfer.42 Finally,
the electronic conductivity behavior also significantly influences
the charge transfer during the OER process.31,45−47 Therefore,
oxygen vacancy has a remarkable effect on the electronic
structure and coordination chemistry, including the number of
3d eg-orbital electrons and covalence of transition metal−
oxygen bond. The high-resolution XPS spectra for O 2p in
LSM and LSMI are exhibited in Figure S4; except for the lattice
oxygen (∼529.2 eV for O2−) observed in both LSM and LSMI,
the high oxidation oxygen species on the surface of LSMI is
more than that of LSM, which is the dominant species on the
surface toward the electrochemical catalytic activity. Therefore,

LSMI with A-deficiency and Ir-doping has higher concentration
of oxygen vacancy for enhanced electrocatalytic activities.
The morphologies of LSMI and LSM were investigated and

are shown in Figure 2a and Figure S5, respectively. TEM
images clearly indicate that the LSM and LSMI nanoparticles
with particle size of 20−50 nm were obtained. The crystal
structure of LSMI was further confirmed by high-resolution
HRTEM image (Figure 2b) and the corresponding selected
area diffraction pattern (SAED) (Figure 2c). The d-spacing of
0.387 nm is associated with LSM (110) plane while the d-
spacing of 0.274 nm corresponds to the LSMI (200) plane. The
slight increase of the lattice of LSMI is in consistent with the
XRD result. The compositions of LSMI were characterized with
TEM and HAADF-EDX mapping, as displayed in Figure 2d
panels. EDX mapping demonstrates that Ir was uniformly
distributed in LSMI, and no separated IrO2 was observed,
indicating Ir to occupy the Mn position of LSM. Nevertheless,
nanosized PdO particles (8−10 nm) were observed on the
surface of Pd-doped LaFeO3.

48 The surface area of LSMI was
characterized by N2 adsorption and desorption (Figure S6).
The BET surface area is around 26 m2 g−1, almost 4 times of
that for LaFeO3−δ,

30 benefiting from the smaller particle sizes of
LSMI (Figure S7) from our unique PACS method.
The smaller particle size and high surface area would result in

more active sites and subsequently increase the electrochemical
performance. The PACS method has all the advantages of other
chemical solution approaches such as low cost and easy setup.
For the PACS process, water-soluble metal salts bind with
polymer such as polyethylenimine (PEI). A few metal ions such
as Ni and Co bind to PEI directly through covalent bonding
between the lone pairs on the nitrogen atoms of the PEI and
the metal cations.49,50 Other metal ions, such as La, Sr, Mn, and
Ir, do not bind to PEI directly; ethylenediaminetetraacetic acid
(EDTA) is introduced to bind with these metal ions through
covalent bonding to form an EDTA−metal complex.51 Finally,
under the drive force of hydrogen bonding and electrostatic

Figure 3. (a) ORR LSVs for Pt/C, LSM, and LSMI. (b) Limited current densities for Pt/C, LSM, and LSMI. (c) ORR LSV profiles for LSMI at
different rotation speeds. (d) K−L plots at −0.6 V Ag/AgCl for LSM and LSMI catalysts.
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attraction, the EDTA complexes further bind to PEI. The
molecular structure of EDTA and PEI and the bonding with
transition metal ions are listed in Figure S8. Our recent work
demonstrated that the unique solution chemistry of PACS
delivered stable and homogeneous solutions at a molecular
level that allows formation of high quality thin films and high
surface area nanoparticles.50 The thin carbon coating layer
remained on the surface of metal oxides after the incomplete
decomposition of the polymer when the solutions were heated
at lower temperatures.52 The existence of carbon layer on metal
oxide nanoparticles after heating the sample at 550 °C (Figure
S9) can prevent the agglomeration of nanoparticles, leading to
metal oxides with smaller particles and high surface area. A
small amount of carbon may still exist after annealing the
sample at 650 °C, although the HRTEM image (Figure 1a) of
LSMI showed no carbon layer. The existence of carbon can
further increase the electronic conductivity and subsequently
increase the charge transfer.53 Smaller nanoparticles could also
accelerate the oxygen loss in crystal structure, leading to high
concentration of oxygen vacancy. With those characteristics, we
predict that LSM and LSMI from our PACS method show
better electrochemical catalytic activities.
To gain insight into the ORR activities of LSM and LSMI,

cyclic voltammetry was first examined in the oxygen-saturated
0.1 M KOH electrolyte at a scan rate of 50 mV s−1, as shown in
Figure S10. Both LSM and LSMI appear a substantial reduction
process around −0.05 V vs Ag/AgCl. Apparently, electro-
catalytic activity toward ORR of LSMI is better than that of
LSM with more positive ORR onset potential and higher
cathodic current density. To further evaluate the ORR
performance of the catalysts, rotating disk electrode (RDE)
experiments were performed. CV cycles were further carried
out in the same electrolyte at a scan rate of 50 mV s−1 and a
rotating speed of 900 rpm to study the stability of LSMI
catalyst, as presented in Figure S11. The onset potentials of
LSMI at the 2nd, 100th, and 200th cycles are very close, but the
limited current density is slightly decreased after 200 cycles;
considering the continuous consumption of oxygen during
cycles, the slight decrease of the limited current density is
acceptable, which confirms that LSMI exhibited good cycle
durability. The linear sweep voltammetry (LSV) curves of LSM,
LSMI ,and the commercial Pt/C catalysts at a rotation speed of

1600 rpm and a scan rate of 5 mV s−1 are presented in Figure
3a. The onset potential of LSMI catalyst is around −0.05 V vs
Ag/AgCl, which is only 30 mV negative shift from the Pt/C
catalyst. Again, LSMI exhibited a more positive onset potential
than LSM, which is associated with more oxygen vacancy in
LSMI with A-deficiency and Ir-doping. The contribution of
glassy carbon (GC) electrode was reported negligible under the
same testing condition, and the electrochemical performance of
the catalyst-loaded GC electrode was mainly dominated by the
catalysts.30 Therefore, the LSV profiles reflect directly the
electrochemical activities of the catalysts. The limited current
densities for Pt/C, LSMI, and LSM are 5.3, 4.1, and 3.5 mA
cm−2 (Figure 3b), respectively. To further understand the ORR
kinetics for the catalysts, the detailed study of RDE tests for
LSM and LSMI at different rotation speeds (100−1600 rpm,
Figure 3c and Figure S12) was carried out. The calculated
electron transfer number from the slope of the Koutecky−
Levich (K−L) plots at −0.6 V vs Ag/AgCl is 3.7 and 3.9 for
LSM and LSMI (Figure 3d), respectively. The excellent ORR
performance demonstrates that the four-electron ORR reaction
(O2 + 2H2O + 4e− → 4OH−) was controlled for both LSM and
LSMI catalysts. The smaller particles of the catalysts can
facilitate oxygen adsorption and charge transfer, resulting in
dominant selectivity of the four-electron transfer electro-
chemical process. Hence, introducing A-site deficiency and Ir-
doping in perovskite oxide effectively enhanced the ORR
activity.
Since IrO2 has been proved as one of the best OER catalysts

in alkaline solution, thus Ir-doping to perovskite oxide is
supposed to achieve high OER performance. OER activities for
LSM and LSMI were therefore evaluated to explore their
application as bifunctional oxygen electrocatalysts. The OER
activity was recorded by LSV curves within the OER potential
window, as shown in Figure 4a. The onset potential for LSMI
(∼0.48 V vs Ag/AgCl) is much lower and almost 0.2 V negative
shift than that for LSM (∼0.68 V vs Ag/AgCl), indicating that
LSMI exhibited greater current density under the same
potential range and better OER catalytic activity as compared
with LSM. LSMI catalyst also demonstrated higher OER
activity than LaFeO3-based perovskite under the same
experimental condition.30 In addition, the enhanced kinetics
of the LSMI catalyst toward OER activity was certified by the

Figure 4. (a) OER LSVs. (b) Tafel plots. (c) EIS spectra. (d) OER and ORR profiles for LSM and LSMI. (e) ORR and (f) OER performances for
initial and after durability test for LSMI.
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Tafel plot and electrochemical impedance spectroscopy (EIS)
analysis. LSMI has a much smaller Tafel slope (Figure 4b), a
smaller diameter of the semicircle in the EIS spectra (Figure
4c), and hence more rapid OER rates and better charge transfer
ability than LSM. The detailed information on EIS for LSM at
different applied potentials is displayed in Figure S13. The
diameter of semicircle becomes smaller as increasing the
applied potentials. Moreover, almost no semicircle was
observed when the applied potential was 0.6 V, indicating no
OER current at potential of 0.6 V. More interesting, the charger
transfer resistance for LSM even at the potential of 0.9 V vs Ag/
AgCl is still larger than that of LSMI at lower potential of 0.6 V
vs Ag/AgCl, further demonstrating that LSMI has better charge
transfer ability than LSM. The enhancement in OER
performance for LSMI is more pronounced, thus introducing
A-site deficiency and B-site Ir-doping in LSM not only
improves ORR activity but also enhances OER activity to a
great extent.
In order to distinguish the contributions from the A-site

defic iency and Ir -dop ing , the A-s i te defic iency
(La0.8Sr0.2)0.95MnO3 (ALSM) was prepared as a control sample.
The ORR and OER performances of LSM and ALSM are
presented in Figure S14. The ALSM showed poor ORR but
better OER activity. The half-wave potential of ALSM is about
100 mV lower than that of LSM. The formation of oxygen
vacancy after introducing A-deficiency could benefit for the
adsorption of OH− and then subsequently increase the OER
performance. But the enhancement of OER in ALSM is still
limited comparing with other perovskite oxide-based OER
catalyst. Therefore, LSMI with improved ORR and OER
performances was mainly due to Ir-doping.
The potential difference between Ej=10 (the OER potential at

10 mA cm−2) and E−1 (the ORR potential at −1 mA cm−2) is
an important factor to evaluate the electrochemical properties
of catalyst. Smaller ΔE (ΔE = E−1 − Ej=10) implies that the
catalyst is close to the ideal oxygen electrode for OER and
ORR. From Figure 4d and Table S2, the ΔE values are 0.81 and
1.06 V for LSMI and LSM, respectively. Smaller ΔE value for
LSMI demonstrates that introducing A-site deficiency and Ir-
doping can significantly improve the catalyst bifunctionality. In
addition, the ΔE of LSMI is much smaller than the commercial
Pt/C, IrO2, RuO2, and reported perovskite oxide catalysts
(Table S2). The lowest ΔE of LSMI indicates that LSMI could
be promising electrocatalyst in the application of metal−air
battery, fuel cell, and solar fuel fields.54−58

In order to further characterize the durability of LSMI
catalyst, the LSV runs for initial ORR and OER activities were
recorded in 0.1 M KOH at a rotation speed of 1600 rpm. Then
the constant potential ∼0.6 V vs Ag/AgCl was applied to LSMI
electrode for 5 h. During the test, bubbles continuously release
from the electrode, and the bubbles would separate the direct
contact between electrolyte and active materials. Therefore, we
manually removed bubbles on the glass carbon electrode, then
the LSV runs for ORR and OER after 5 h were performed
again, as shown in Figure 4e,f. Compared with initial ORR, only
18 mV negative shift was detected for the half-wave potential
while only 10% decay for the OER performance, meaning that
LSMI exhibited high durability.

4. CONCLUSION
Perovskite oxide LSM and LSMI nanoparticles with particle
size of 20−50 nm are prepared and applied as high
performance bifunctional catalyst in alkaline solution. Electro-

chemical results indicate that the ORR and OER activities are
enhanced by the A-site deficiency and B-site Ir-doping in LSM-
based perovskite. Partial reduction of the valence state of Mn
could weaken its bonding with oxygenate adsorbate inter-
mediate, and more oxygen vacancy would enhance the
electrochemical performance. The significant enhancement in
electrocatalytic activity (0.2 V negative shift for the onset
potential as compared with LSM) could be observed in the
OER process while LSMI reported the superior ORR
performance (only 30 mV difference from the commercial
Pt/C catalyst). The ΔE value of LSMI (∼0.81 V) compares
favorably with some other perovskite-based bifunctional
catalysts reported in the literature. The durability investigation
demonstrated only 18 mV shift for ORR and 10% decay for
OER. These results prove that LSMI could be a promising
catalyst for the applications in fuel cells, metal−air batteries,
and solar fuel synthesis.
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